Abstract. Glacier mass loss is among the clearest indicators of atmospheric warming. The observation of these changes is one of the major objectives of the international climate monitoring strategy developed by the Global Climate Observing System. Long-term glacier mass balance measurements are furthermore the basis to calibrate and validate models simulating future runoff of glacierized catchments. This is essential for Central Asia, which is one of the driest continental regions of the 5 northern hemisphere. In the highly populated regions, water shortage due to decreased glacierization potentially leads to pronounced political instability, drastic ecological changes, and endangered food security. As a consequence of the collapse of the former Soviet Union, however, many valuable glacier monitoring sites in the Tien Shan and Pamirs were abandoned. In recent years, multinational actors have re-established a set of important in-situ measuring sites to continue the invaluable long-10 term data series. This paper introduces the applied monitoring strategy for selected glaciers in the Kyrgyz and Uzbek Tien Shan and Pamir, highlights the existing and the new measurements on these glaciers and presents an example for how the old and new data can be combined to establish multidecadal mass balance time series. This is crucial for understanding the impact of climate change on glaciers in this region.
Introduction
1960 to 2007 in the entire Tien Shan (Chen et al., 2016) . Precipitation changes seem to be less important. Higher air temperatures resulted in positive runoff trends in spring and autumn for the Naryn catchment, which is likely to be related to enhanced snow and glacier melt corresponding also to the observed annual area shrinkage rates since the middle of the 20th century (e.g. Sorg et al., 2012) .
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For Small Naryn, significant negative runoff trends were found whereas for Big Naryn a positive but not significant trend were found for August, which is the month with the largest glacier runoff contribution (Kriegel et al., 2013) .
Pamir-Alay
In the Pamir, glaciers cover approximately 12,100 km 2 . The sub-region Pamir-Alay has a total glacier 95 area of around 1,850 km 2 (both values are based on RGIv5.0). In the Pamir-Alay, direct mass balance measurements only exist for Abramov Glacier (Fig. 1 ). For the Pamir-Alay, a strong gradient in the equilibrium line altitude (ELA) from West to East is observed (Glazirin et al., 1993) . This is linked to important differences in precipitation (Suslov and Akbarov, 1973) . According to Suslov and Akbarov (1973) and Glazirin et al. (1993) , the maximum annual precipitation in the Pamir-Alay is 100 about 1900 mm a −1 in the western part at the border between Kyrgyzstan and Tadjikistan, and about 400 mm a −1 in the eastern part. The seasonal precipitation regime also differs from West to East:
Whilst the West shows a maximum precipitation during autumn and winter, the East is characterized by a maximum during spring and summer. Therefore, both accumulation and ablation are regiondependent, resulting in different glacier surface mass balance gradients. This also influences total 3 Instrumentation, Methods and Data
Monitoring strategy
The applied strategy to re-establish glacier observation networks in Central Asia is partly based on the Tiers 2 and 3 of GHOST (WMO, 1997a, b) and the experience gained in different monitoring 120 projects. For glacier mass balance, the strategy is composed of several components:
1. Mass balance measurements using the glaciological method, 2. observation of the transient snow line on photographs from terrestrial automatic cameras and/or on satellite images during the summer months, and 3. a mass balance model driven by nearby automatic weather station data, reanalysis data, or 125 climate model results (see Fig. 2 ).
As an important additional element, geodetic measurements should be integrated for calibration or validation purposes depending on the given objectives. The combination of the different approaches allows producing accurate mass balance estimates with a high temporal and spatial resolution (e.g. Zemp et al., 2013 ). An important advantage of the described strategy is that all different components 130 can be used independently (e.g. Huss et al., 2009 ).
The re-establishment of the in-situ glacier monitoring has to obey certain criteria for the selection of the glaciers. These are based on several pre-conditions such as field-site accessibility, availability of historical data, geo-climatic distribution within mountain ranges, suitability for long-term monitoring based on glaciological feasibility and the availability of other measurements. Based on these 135 criteria, the five glaciers Abramov, Golubin, Batysh Sook, No. 354 and Barkrak Middle were selected within the projects CATCOS and CAWa (see Fig. 1 and Tab. 1).
Implementation
The implementation of the measurement network within the re-establishing activities (in the following referred to as 'new' measurement network) takes advantage of the concept described above. Our
In parallel, installation of automatic snow line cameras and new weather stations close to the glaciers in collaboration with partners in the CAWa project from Kyrgyzstan, Uzbekistan,
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Germany and Switzerland.
5. Selection of satellite images with optimal visibility of melt-out patterns and snow lines.
6. A mass balance model was used as an extrapolation tool to obtain from mass balance point measurements the glacier wide mass balance. Model validation was performed using snow line measurements from the automatic cameras or from satellite images. The model also served for 155 reconstructing mass balance for periods with longer data gaps.
7. Comparison of mass balance retrieved by in situ measurements and geodetic measurements.
Glacier observations

Data from WGMS and literature
Glacier monitoring in Central Asia started more than 60 years ago. During this time, several differ-160 ent glaciological programmes were established in the mountain ranges of Kyrgyzstan, Kazakhstan, Uzbekistan and Tajikistan. We compiled all available glacier data from the WGMS (WGMS, 2013).
The total number of past glacier observations are summarized in Tab. 2, delivering basic information related to all existing measurements having an observation period longer than two years. For 17 glaciers, mass balance measurements exist with mean observation period lengths close to 20 years.
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Thickness change measurements for nine glaciers and repeated front variation measurements for 62 glaciers with measurement periods from 9 to 20 years are also available. Most of the mass balance measurements were initiated between 1960 and 1970 and were discontinued in the 1990s. Detailed description of stake and snow pit measurements for Abramov glacier were retrieved from Pertziger (1996) . 
Glaciological measurements
The determination of the mass balance of a glacier using the so-called glaciological method is the standard method used since the earliest times of mass balance measurements (Mercanton, 1916) .
This robust method is widely used to determine the seasonal to annual mass change of individual glaciers. It is based on measurements of ablation at stakes, which are drilled into the ice of the 175 ablation area, and of snow depth and density measured in snow pits in the accumulation area. The advantage of this method is the direct determination of the temporal evolution of mass balance.
Calculation of the total mass change derived from point measurements, however, can be challenging since individual stake readings and snow pit data have to be extrapolated over the glacier, thus resulting in considerable uncertainties (for further details, see Østrem and Brugman, 1991; Kaser 180 et al., 2003; Thibert et al., 2008; Cogley et al., 2011). 6 Geosci. Instrum. Method. Data Syst. Discuss., doi:10.5194/gi-2017 Discuss., doi:10.5194/gi- -31, 2017 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. On the (re-)established glaciers the following measurements were carried out:
-For the ablation measurements in late summer, plastic or wooden stakes were drilled into the ice in the ablation area to a depth related to the expected melt rate at the corresponding altitude varying on the observed glaciers between around 2 to 10 m. This was done with an auger or a 185 steam drill.
-In the accumulation area, several snow pits were dug to determine the annual snow accumulation and its density. Additionally, several snow depth measurements with steel or aluminium rods of 2 to 5 m length were performed. Theses were combined with occasional ground penetrating radar (GPR) measurements using a frequency of 800 MHz to detect snow layers of
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former years. This information allows an improved extrapolation of the highly variable snow distribution on the glacier (Sold et al., 2013) and reconstructing past accumulation rates back to almost one decade (Sold et al., 2015) .
-Frontal variations in glacier length were measured at the glacier tongue using handheld GPS and/or were digitised based on satellite images.
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The stake and snow pit locations aim at representing the former transects of measurement on the glaciers to allow comparability. The total number of new stakes and pits, however, had to be reduced substantially to keep the annual work load on a manageable level.
Geodetic mass balance
Geodetic mass balance measurements are useful to infer mass and volume changes of glaciers over 200 decadal periods (Ahlmann, 1924) providing considerable precision and high spatial resolution. Digital elevation models (DEMs) derived from different sources like topographic maps, GPS-surveys, aerial photographs, satellite images, synthetic-aperture radar (SAR) or Light Detection and Ranging (LiDAR) are compared to each other and the elevation differences over the glacier can be converted into the glacier's mass change over a given time interval (e.g. Bauder et al., 2007; Thibert 205 and Vincent, 2009; Zemp et al., 2013) . In general, multi-annual time periods are needed to reach an acceptable level of accuracy (Paul et al., 2013) . The most important uncertainties are due to (i) density conversion (Huss, 2013) , (ii) elevation biases and errors in the co-registration of the two DEMs (Berthier et al., 2006; Paul, 2008; Nuth and Kääb, 2011) , (iii) data gaps, (Pieczonka et al., 2011; Bolch and Buchroithner, 2008) , and (iv) errors and artefacts in the DEMs.
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Geodetic glacier volume changes focusing on Central Asia often rely on the Shuttle Radar Topography Mission (SRTM) as a baseline for the year 2000 (e.g. Berthier et al., 2010; Gardelle et al., 2012 Gardelle et al., , 2013 Surazakov and Aizen, 2006) . However, the quality of the SRTM DEM is affected by electromagnetic wave penetration into the snow and ice. This can lead to major uncertainties, especially affecting elevation changes in the accumulation area, for which a corrections have to be applied 215 (Berthier et al., 2006; Gardelle et al., 2012 Gardelle et al., , 2013 Kääb et al., 2015) Hagg et al., 2004; Bolch et al., 2011 Bolch et al., , 2012 Pieczonka et al., 2013; Gardelle et al., 2013; Pieczonka and Bolch, 2015; Bolch, 2015; Petrakov et al., 2016) . Furthermore, laser altimetry measurements, e.g. from the ICESat satellite mission operated between 2003 and 2009, offer a possibility of mass change computation for mountain glaciers (Kääb et al., 2012; Gardner et al., 2013; Neckel et al., 2014; Farinotti et al., 2015) . Elevation differences at 225 points along the repeated tracks are interpolated and converted into volume and mass changes. Due to point measurements and uncertainties associated with interpolation, this method delivers robust results rather on large scales and not for individual glaciers.
Snow line observations
The calculation of glacier-wide annual mass balance from statistical relations using ELA and ac-230 cumulation area ratio (AAR) is well established (Braithwaite and Müller, 1980; Braithwaite, 1984; Benn and Lehmkuhl, 2000; Kulkarni, 1992) . It has been applied in many different mountain ranges (Kulkarni, 1992; Rabatel et al., 2008; Chinn et al., 2012; Stumm, 2011) and it is often used to relate temperature and precipitation with mass balance (Kuhn, 1984; Ohmura et al., 1992) . Generally, ELA and the annual mass balance are well correlated (Rabatel et al., 2005 (Rabatel et al., , 2012 . The advantage 235 of using ELA and AAR is their straightforward mapping using remote-sensing data (Rabatel et al., 2013) . However, this approach relies on the calibration against long-term glaciological in-situ mea-
surements. An interesting alternative is the use of transient snow lines. Their monitoring can be used as a good proxy for the sub-seasonal mass balance . The distinction between snow-covered and snow-free zones on a glacier can be retrieved by different means such as analysis 240 of repeated images taken by terrestrial cameras and satellites, or by mapping with GPS. This information can be used to establish and analyse snow-cover depletion curves (e.g. Parajka et al., 2012) and in combination with corresponding model approaches, the water equivalent of the winter snow cover can be directly extracted (e.g. Martinec and Rango, 1981; Schaper et al., 1999) . Repeated snow line observations during the ablation period are also used for mass balance model validation
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( Kenzhebaev et al., 2017; Barandun et al., 2015; Kronenberg et al., 2016) .
The annual course of the snow line, and the related snow-covered area fraction (SCAF), was recently used in combination with a backward modelling approach to determine sub-seasonal mass balance values (Hulth et al., 2013; Huss et al., 2013) . The approach by Huss et al. (2013) used to fill data gaps and to extend data records back in time (e.g. Salzmann et al., 2013; Schär et al., 2004; Schienmann et al., 2008; Schmidli et al., 2001 ).
Establishing multidecadal mass balance series
The combination of the methods described in the above chapters allows fully exploiting the richness of the available data. Our approach is visualised schematically in Figure 2 and an example is shown 285 in Figure 4 . Establishing multi-decadal mass balance series for data-scarce regions or time periods requires various data sources to be combined in an optimal way. The methodology that has been presented already in different studies (e.g. Barandun et al., 2015; Kronenberg et al., 2016; Kenzhebaev et al., 2017) is shortly summarised hereafter.
The core of the establishment of long-term mass balance series are in situ data (stake and snow 290 pit measurements and meteorological information, such as precipitation and temperature), a mass balance model, and remote sensing products such as optical satellite sensors and terrestrial cameras.
The model used can either be a simple degree-day or a more sophisticated energy balance model, which is able to produce sub-seasonal mass balance as an output (e.g. 1968 -2014 using a spatially distributed simple energy balance model (Fig. 4) . The model was calibrated with seasonal mass balance data and was subsequently used to reconstruct the mass balance 300 for the period with no measurements. Model validation was performed by using snowline observations derived from optical satellite images and, when available also from images of an automatic camera. In a final step, the resulting mass balance values covering several years or decades were compared to the geodetic glacier volume change determined based on the comparison of digital elevation models (Barandun et al., 2015) .
4 Investigations at individual monitoring sites
In the recent past, results of glacier monitoring activities in Central Asia (except Kazhakstan and China) are mainly based on remote sensing techniques with a focus on geodetic area and volume change assessments (see Tab. 4) or front variation measurements (Aizen et al., 2007; Konovalov and Desinov, 2007; Niederer et al., 2007; Haritashya et al., 2009; Kääb et al., 2015; Narama et al., 310 2010; Hagg et al., 2013; Kriegel et al., 2013; Gardelle et al., 2013; Gardner et al., 2013; Ozmonov et al., 2013; Pieczonka et al., 2013; Khromova et al., 2014; Bolch, 2015; Pieczonka and Bolch, 2015; Farinotti et al., 2015; Petrakov et al., 2016 
Abramov glacier
Abramov glacier is a valley-type glacier and is located in the northern slope of Pamir-Alay within the basin of the Vakhsh river, which is one of the largest tributary of the Amu Darya river (Fig.   1 ). The glacier drains into Koksu river, which has a hydrological catchment area of 58 km 2 with a 325 glacierization of roughly 51 % (Hagg et al., 2006) . Abramov has a surface area of about 24 km 2 (in 2013) and a volume of 2.54 km 3 (Huss and Farinotti, 2012) . The glacier is exposed to the North and ranges from about 3600 to 5000 m a.s.l.
Annual mean air temperature at the equilibrium line of the glacier (around 4260 m a.s.l.) is -6.5 to from 1974-1994) are revealed (Suslov and Krenke, 1980; Glazirin et al., 1993; Kamnyansky, 2001; Pertziger, 1996; WGMS, 2001; Dyurgerov, 2002; Barandun et al., 2015) . Therefore, the data series were homogenised (Barandun et al., 2015) . glacier frontal retreat since 1861 sums up to around 1.3 km (see Table 5 and Fig. 7 ).
Batysh Sook glacier
Batysh Sook glacier (also named Suyok (Suek) Zapadniy or Glacier No. 419 in earlier studies (WGMS, 1993; Hagg et al., 2013; Kenzhebaev et al., 2017) Mean annual precipitation is 360 mm (1997 to 2014), of which up to 75% was recorded during the summer months (May to September). Glacier No. 354 was selected to replace the previously monitored Sary-Tor glacier due to current access restrictions because of mining activities. Sary-Tor has mass balance observations based on the glaciological method for the period of 1985 to 1989 (Dyurgerov et al., 1994) and its mass balance (2016)).
The observed cumulative glacier frontal retreat since 1972 sums up to around 0.66 km (see Tab. 5 475 and Fig. 7 ).
Barkrak Middle
Barkrak Middle glacier is located in the Oygaing valley in the Pskem catchment in the western Tien Shan, Uzbekistan (Fig. 1) . In 2016, a new mass balance network with a total of 11 stakes was established (Fig. 11) . In addition, a meteorological station in the glacier forefield and an automatic snow line camera were 490 installed (Fig. 11) .
Summary of glacier length and mass changes in Central Asia
The measurements performed on various glaciers in Central Asia show an overall mass loss over the last five decades. There are some individual years with positive mass balances within all decades (Fig. 6, 12 , Tab 4). However, the positive mass balances are mostly observed during the beginning , 1995b; Bolch et al., 2011 Bolch et al., , 2012 Pieczonka et al., 2013; Gardelle et al., 2013; Pieczonka and Bolch, 2015; Bolch, 2015; Kronenberg et al., 2016) .
The network of glaciological and geodetic measurements in the Tien Shan Mountains has been 505 strongly improved by the re-establishment of the monitoring programmes starting in 2010. In the Pamir Mountains, however, glacier mass balance measurements are still sparse as only Abramov glacier in the most northwestern part is monitored. This glacier is not representative for the entire Pamir, also containing glaciers at much higher altitudes that respond differently to atmospheric warming (e.g. Kääb et al., 2015 Kääb et al., , 2012 Gardner et al., 2013; Gardelle et al., 2013) .
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Length changes are an important element of glacier monitoring. Direct measurements extend back into the 19th century in several mountain ranges and some reconstructions based on geomorphological dating go back to the 16th century (Zemp et al., 2015) . In general, the cumulative front variation measurements for the investigated glaciers in Central Asia reveal a long-term glacier retreat (see Tab. 3, Fig. 7 ). Using a simple parametrisation scheme developed by Haeberli and Hoelzle (1995) and 515 used by Hoelzle et al. (2003) to convert curves of cumulative glacier advance and retreat into time series of temporally averaged mass balance by applying a continuity model originally proposed by Nye (1960) . This approach considers step changes after full dynamic response and new equilibrium of the glacier based on the assumption that a mass balance change is leading to a corresponding glacier length change depending only on the original length of the glacier and its annual mass bal- (1975 -2016) and Glacier 354 (1972 Glacier 354 ( -2016 around to -0.35 m w.e. a −1 .
Discussion
We demonstrate that, a valuable glaciological dataset is available for the Central Asian mountains, antee an optimum between available human capacity and efforts, sustainable financial coverage and data quality, offering a feasible way to perform long-term monitoring. Our approach implemented in
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Kyrgyzstan and Uzbekistan has to be proven during the next years and should be further developed.
Over the last years, it delivered promising results, although there are still many improvements possible. One of the most urgent needs is capacity building, i.e. the education of young local scientists being able to continue the monitoring programme independently (Nussbaumer et al., 2017) .
Our approach also reveals that on a scientific basis, an in-depth re-evaluation of long-term geodetic 540 mass changes on all selected glaciers is absolutely necessary. Most geodetic measurements (e.g. for
Glacier 354, Urumqihe No. 1 and Tuyuksu) match well with the glaciological mass balances (Fig.   12 ). All these measurements show almost persistently negative mass balances since the mid-20th
century. At Abramov glacier, however, considerable differences between geodetic and reconstructed glaciological measurements were found ( (2013) reported a mass balance of -0.03 ±0.14 m w.e. a −1 for the same period. The geodetic measurements are subject to considerable uncertainties that are, for example, related to underestimated penetration of the radar signals into snow and firn in the accumulation areas during the acquisition of the SRTM mission in the year 2000 (Paul et al., 2013) . This is confirmed by other studies using ICESat 550 measurements in the same region (Kääb et al., 2015 (Kääb et al., , 2012 Gardner et al., 2013) and by ground penetrating radar measurement in the accumulation area of Abramov glacier (Barandun et al., 2015) .
This shows the need for further analysis of existing aerial and satellite data in order to create additional high-accuracy elevation models. Another problem encountered during the homogenisation process of the mass balance time series was a considerable inconsistency, which is mainly related to 555 different interpretations of the former stake networks or to missing measurements.
Glacier frontal variations complement the mass balance measurements. They show a continuous retreating trend for the last decades and century. The inferred estimates of mass change calculated based on the length change measurements are in quite good accordance with the mass balance measurements.
7 Conclusions
This paper demonstrates the richness of historical dataset from the long-term glacier measurements available in Central Asia and particularly in Kyrgyzstan and it introduces the (re)-established glacier measurement network highlighting the importance of capacity building to make the efforts sustainable. In connection with the new glacier monitoring strategy and its current implementation, the Geosci. Instrum. Method. Data Syst. Discuss., doi:10.5194/gi-2017 Discuss., doi:10.5194/gi- -31, 2017 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. Figure 4 . Reconstructed mass balance data for Abramov glacier according to Barandun et al. (2015) 31
Geosci. Instrum. Method. Data Syst. Discuss., doi:10.5194/gi-2017 Discuss., doi:10.5194/gi- -31, 2017 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. 
36
Geosci. Instrum. Method. Data Syst. Discuss., doi:10.5194/gi-2017 Discuss., doi:10.5194/gi- -31, 2017 Manuscript under review for journal Geosci. Instrum. Method. Data Syst. Discussion started: 15 May 2017 c Author(s) 2017. CC-BY 3.0 License.
